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including Sr36, SrTmp, and resistance conferred by the 1AL.1RS rye translocation. Race TRTTF is the first known race with virulence to the stem rust resistance carried by the 1AL.1RS translocation, which represents one of the few effective genes against TTKSK in winter wheat cultivars in the United States. Durum entries exhibiting resistant to moderately susceptible infection response at the Debre Zeit nursery in 2009 were evaluated for reaction to races JRCQC, TRTTF, and TTKSK at the seedling stage. In all, 47 entries were resistant to the three races evaluated at the seedling stage, whereas 26 entries exhibited a susceptible reaction. These results suggest the presence of both major and adult plant resistance genes, which would be useful in durumwheat-breeding programs. A thorough survey of virulence in the population of P. graminis f. sp. tritici in Ethiopia will allow characterization of the geographic distribution of the races identified in the Debre Zeit field nursery.
Stem rust, caused by Puccinia graminis f. sp. tritici, is one of the most destructive diseases of bread wheat (Triticum aestivum), durum wheat (T. turgidum subsp. durum), and barley (Hordeum vulgare). Races that recently emerged in eastern Africa (TTKSK [Ug99] and its variants) possess broad virulence to wheat cultivars worldwide, and only a few genes in adapted cultivars are effective against these races (7, 8, 21) . Durum wheat in North America generally has a higher frequency of resistance to race TTKSK than common wheat based on field evaluations conducted in Njoro, Kenya in 2005 and 2006 (R. Singh and Y. Jin, unpublished). Pozniak et al. (14) described that over 80% of the durum varieties and breeding lines from breeding programs in the United States and Canada evaluated in a field trial in Njoro exhibited a moderately resistant or resistant response to stem rust. Singh et al. (18) also reported that durum lines from Egypt and the International Maize and Wheat Improvement Center (CIMMYT) exhibited a high level of resistance to races TTKSK and TTKST in the Njoro's field nursery. However, when durum lines from the United States and CIMMYT were selected for resistance in Kenya and subsequently were evaluated in Debre Zeit, Ethiopia, many became susceptible to stem rust (R. Singh and Y. Jin, unpublished) . Thus, we hypothesized that races of P. graminis f. sp. tritici in the Debre Zeit nursery possess virulence that overcomes the TTKSK resistance in North American durum germplasm. The objective of this study was to identify the race or races of P. graminis f. sp. tritici present in the Debre Zeit, Ethiopia nursery that are virulent on durum lines with TTKSK resistance.
Materials and Methods
Stem rust nursery. The 2009 durum stem rust field nursery was established by the Ethiopian Institute of Agricultural Research at the Debre Zeit Research Center in Ethiopia. The nursery site was located at 08°46′N, 39°00′E, and 1,900 m in elevation. Entries were planted in double 1-m-row plots on 15 July 2009. Wheat 'Red Bobs' (CItr 6255) was included at an interval of 50 lines as a susceptible control. Continuous rows of stem rust spreader (mixture of susceptible cultivars) were planted perpendicular to all entries to facilitate inoculum build-up and uniform dissemination. The spreader rows were planted the same day as the wheat entries and were artificially inoculated by needle injection three times at a weekly interval, starting at stem elongation (stage = Zadoks 31) (23) . Urediniospores were suspended in distilled water plus one drop of Tween 20 per 0.5 liters of suspension, and delivered with a hypodermic syringe into the stem tissue. Inoculum was composed of race TTKSK and a bulk of Ethiopian isolates (with unknown race identities) at a ratio of 50/50. Race TTKSK was originally collected from wheat 'PBW343' (carrying Sr31) at Debre Zeit, and the bulk of Ethiopian isolates was collected from durum lines at the Debre Zeit Research Center.
Sample collection and storage. Forty-one samples of infected stems were collected from durum and common wheat lines with known Sr genes in the stem rust field nursery in 2009. Each sample consisted of 10 to 15 pieces of stem tissue of about 10 cm in length bearing moderately susceptible to susceptible pustules. Stem and leaf sheath tissue were kept in glassine bags and air dried for 2 days at room temperature in the dark. Dried samples were mailed to the United States using an international express courier service with a transit time of 5 days. Shipping protocol was followed according to United States Department of Agriculture (USDA) Animal and Plant Health Inspection Service permit conditions for handling international cultures of P. graminis f. sp. tritici. Upon arrival at the Cereal Disease Laboratory, samples were stored in a -80°C freezer. In December, urediniospores from each stem sample were collected into three to four gelatin capsules (size 00) and stored at -80°C.
Race identification. The North American stem rust differential set (15, 16) that was modified to further delineate races in the TTKS race group (9) was used for race identification. One capsule per sample was removed from the -80°C freezer and exposed to a heat-shock treatment (water bath at 45°C for 15 min), then placed in a rehydration chamber (80% relative humidity maintained by a KOH solution) for a period of 4 h (9). Five seedlings from each of the 20 differential lines were inoculated with a bulk collection of spores on fully expanded primary leaves at 8 to 9 days after planting. Experimental procedures for inoculation, incubation, and disease assessment were done as described by Jin et al. (8) . Singlepustule isolates were derived from individual plants after preliminary evaluation on the differential lines. Six to eight pustules were isolated from each original collection. Incubation and collection of urediniospores from each single pustule was done as described by Jin et al. (9) . The pure cultures derived from single-pustule inoculation were increased on 'McNair 701' wheat (CItr 15288) and stored at -80°C. Each single-pustule isolate was evaluated two to three times on differential lines before a race was designated. Race designation was done based on the letter code proposed by Roelfs and Martens (16 Seedling evaluation of wheat germplasm. One thousand durum entries deposited at the USDA Agricultural Research Service, National Small Grain Collection (Aberdeen, ID) were evaluated for resistance in field test at the 2009 durum stem rust field nursery in Debre Zeit. Disease assessment was done at the soft-dough stage of plant growth. Plants were evaluated for their infection response (pustule type and size) (17) and stem rust severity following the modified Cobb scale (13) . In all, 137 durum wheat lines characterized as resistant with a maximum 30% stem rust severity and maximum moderately susceptible infection response were evaluated at the seedling stage with P. graminis f. sp. tritici races identified from this nursery following procedures described above. Seedling evaluation was repeated once.
Results and Discussion
We obtained 34 single-pustule isolates from the 41 samples collected in 2009 from the Debre Zeit nursery. Three races of P. graminis f. sp. tritici were identified: JRCQC, TRTTF, and TTKSK ( Table 1 ). The race most frequently observed was TTKSK (18 isolates), followed by JRCQC (12 isolates) and TRTTF (4 isolates). The high frequency of race TTKSK was likely due to artificial inoculation of P. graminis f. sp. tritici collected from PBW 343 in the 2009 Debre Zeit field nursery. The virulence profile of race TTKSK from Debre Zeit was identical to that of race TTKSK isolates found in Kenya (9, 10) .
Race JRCQC produced high infection types (ITs) on differential lines carrying Sr6, Sr9a, Sr9d, Sr9e, Sr9g, Sr11, Sr13/17, Sr21, and SrMcN (Table 1) . Race JRCQC produced a high IT on differential line Combination VII, which carries Sr13 in addition to Sr17 and was virulent on other Sr13-lines (Table 2 ). Thus, this race possesses relatively rare virulence to both Sr9e and Sr13, a combination believed to be the main component of stem rust resistance in contemporary North American durum cultivars (11) . Race JRCQC produced an IT = X-on W2691Sr10 (tester for Sr10). W2691Sr10 generally produces IT = 0; to ;1 when inoculated with avirulent North American stem rust isolates, and IT = X is infrequent except for a few isolates from the Pacific Northwest (Y. Jin, unpublished). It is not known, however, whether the "X" type was due to Sr10 or a different gene in the W2691Sr10 background. Race JRCQC was avirulent to additional stem rust resistance genes tested in this study, except presumably Sr42 in Norin 40 (Table 2) .
Race TRTTF was first identified from a stem rust collection from Yemen in 2006 (Y. Jin and A. Yahyaoui, unpublished), and was further isolated from stem rust collections in Ethiopia and Yemen in subsequent years (T. Fetch, unpublished) . Race TRTTF is virulent on most of the stem rust resistance genes in the differential set, including Sr9e (Table 1) . Virulence on Sr13 was determined based on high IT (IT 3+) on Combination VII, which carries Sr13 in addition to Sr17 (Table 1) . Virulence on Sr9e and Sr13 was also confirmed in monogenic lines Vernal (Sr9e) and Khapstein/9*LMPG (Sr13), respectively (Table 2) . However, the low ITs observed on K253/3*Steinwedel/8*LMPG (Sr9e) and Leeds (Sr9e + Sr13) (Table 2) indicate that these lines may carry an additional a ITs were accessed on seedlings at 14 days post inoculation using a 0-to-4 scale according to Stakman et al. (19) , where ITs of 0, ;, 1, 2, or combinations are considered to be low ITs and ITs of 3 or higher are considered to be high. "N" or "C" denotes excessive necrosis or chlorosis, respectively.
resistance 4) and Pakistan in 2009 (6). Interestingly, both races have a uredinial morphology that is distinct from other common stem rust isolates in that the epidermal tissue over the uredinia has a delayed breakage and the color of uredinia is darker than normal (Fig. 1) . In addition to virulence to Sr13 and Sr9e, race TRTTF exhibited a high IT (IT 3) to stem rust resistance conferred by the 1AL.1RS translocation ( Table 2 ). This is the first known race with virulence ) . Race TRTTF, in combination with TTKSK, differentiates the stem rust resistance gene on 1AL.1RS from other stem rust resistance genes present on 1RS; namely, Sr31 and Sr50 (3, 12) . Additional data are needed to determine the genetic relationship between 1A.1R resistance and both Sr31 and Sr50. In the United States, current bread wheat breeding lines and cultivars with resistance to race TTKSK possess resistance genes including Sr24, Sr36, SrTmp, and resistance on the 1A.1R translocation (7) . Though race TRTTF is avirulent to Sr31, Fed*3/Gabo*51BL.1RS-1-1 2-; ;1-a ITs observed on seedlings at 14 days post inoculation using a 0-to-4 scale according to Stakman et al. (19) , where ITs of 0, ;, 1, 2, or combinations are considered to be low ITs and ITs of 3 or higher are considered to be high. "N" or "C" denotes excessive necrosis or chlorosis, respectively.
Fig. 1.
Infection types produced by races JRCQC, TRTTF, and TTKSK of Puccinia graminis f. sp. tritici on Combination VII (Sr13) and Vernstein (Sr9e). (17) and severity following the modified Cobb scale (13) . R = resistant, MR = moderately resistant, MS = moderately susceptible, S = susceptible, and T = traces. b Infection types (ITs) observed on seedlings at 14 days post inoculation using a 0-to-4 scale according to Stakman et al. (19) , where ITs of 0, ;, 1, 2, or combinations are considered to be low ITs and ITs of 3 or higher are considered to be high. "N" or "C" denotes excessive necrosis or chlorosis, respectively; / indicates that an accession was heterogeneous (the predominant type was given first); and -denotes missing data, frequently caused by poor viability of seed. c Classification according to the United States Department of Agriculture-Agricultural Research Service, National Small Grain Collection (Aberdeen, ID). Cultivated = uncertainty about the improvement status. it is virulent to Sr36, SrTmp and the 1A.1R translocation that are effective against race TTKSK (Tables 1 and 2 ). Additional studies are needed to determine the percentage of bread wheat cultivars and breeding lines resistant to race TRTTF. Stem rust isolates with virulence to Sr9e and Sr13 were first reported in Ethiopia in 1988 and 1989, respectively (5). They appear to be widespread, because Admassu et al. (2) described races with virulence to these two genes in the major wheat-growing regions in Ethiopia. Races JRCQC and TRTTF, described in this report, possess combined virulence on Sr13 and Sr9e. This virulence combination may explain why the TTKSK-resistant durum entries in Njoro (Kenya) were susceptible in Debre Zeit (Ethiopia). Lines with Sr13 conferred a moderately resistant to moderately susceptible response when tested against race TTKSK in the Njoro nursery (8) . However, lines and cultivars carrying Sr9e (Vernal, K253/3*Steinwedel/8*LMPG, Vernstein) and Sr13 (Khapstein/9*LMPG) exhibited a susceptible response in the Debre Zeit field (data not shown). The virulence combination to Sr9e and Sr13 is of particular concern because these two genes constitute major components of stem rust resistance in North American durum cultivars (11) . Identification of novel resistance genes effective against races JRCQC, TRTTF, and TTKS is required to broaden the pool of resistance genes in durum wheat. The description of race TRTTF with virulence to several TTKSK-effective resistance genes should remind breeders and pathologists of the danger of deploying race-specific genes alone. Resistance gene combinations are necessary to provide long-lasting resistance to wheat stem rust.
A set of durum germplasm (137 entries) selected for resistant to moderately susceptible responses from the 2009 field nursery in Debre Zeit was evaluated for reaction to races JRCQC, TRTTF, and TTKSK at the seedling stage ( Table 3 ). The numbers of accessions exhibiting low ITs to race JRCQC, TRTTF, and TTKSK were 96 (70%), 89 (65%), and 84 (61%), respectively. Many of these lines appear to have race-specific genes and only 47 (34%) accessions were resistant to all three races used in this study. These resistant lines could serve as sources of stem rust resistance for wheat-breeding programs. The genetics of resistance to races JRCQC and TRTTF in selected lines are being investigated. Twenty-six lines (19%) that were resistant to moderately resistant in the field were susceptible to the three races at the seedling stage, suggesting that adult plant resistance might be present in these accessions. Most of the accessions (66%) susceptible at the seedling stage were landraces and other cultivated materials (with uncertainty about the improvement status) from the Middle East and Caucasus regions, and landraces from North and East Africa (Table 3) .
Race-typing experiments of isolates collected from Kenyan fields in recent years yielded only races belonging to the TTKS lineage (9, 10, 22) . However, surveys conducted in Ethiopia in the last 20 years had more diversity of P. graminis f. sp. tritici races (1, 2, 20) . Continuous and thorough race surveys in Ethiopia are required to have a clear picture of the virulence dynamics in the population of P. graminis f. sp. tritici in the country. Identifying and monitoring movement of races with virulence to effective and widely used resistance genes is critical for defining breeding strategies for stem rust resistance in durum and bread wheat. Our results highlight the relevance of evaluating durum wheat lines for stem rust resistance in Ethiopia due to the presence of combined virulence to genes Sr9e and Sr13 in the P. graminis f. sp. tritici population.
